Expression and secretion of neurotrophins, including brainderived neurotrophic factor (BDNF), are regulated also by neuronal activity. Data available in the literature suggest that BDNF central levels are influenced by light and dark. Diurnal changes of BDNF mRNA and protein contents have been demonstrated in the rat central nervous system. Based on these pieces of evidence, we investigated the hypothesis of a possible diurnal variation of BDNF circulating levels in human males. Moreover, we looked for a possible correlation with cortisol circadian rhythm, since both BDNF and cortisol are implicated in the maintenance of cerebral functions. In this study, 34 healthy young male volunteers were included. Five blood samples were drawn from each subject thrice in a month at regular 4-h intervals (0800, 1200, 1600, 2000, and 2400 h). BDNF and cortisol were measured in all samples. BDNF was determined by ELISA method. Our results show that plasma BDNF levels, as well as cortisol levels, are significantly higher in the morning when compared with the night (P!0 . 001), with a trend of constant decrease during the day. Furthermore, plasma BDNF and cortisol are positively correlated (Spearman indexZ0 . 8466). The present study is the first to demonstrate the presence of a diurnal rhythm of BDNF in humans. Moreover, the correlation found out between BDNF and cortisol circadian trend allows us to speculate that these two factors may be physiologically co-regulated, in order to maintain the homeostasis of integrated cerebral activities.
Introduction
Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family expressed in many areas of the adult mammalian brain. Its biological action is mediated by the specific tyrosine kinase receptor trkB (Tapia Aranciba et al. 2004) .
BDNF is recognized to play an important role in growth, differentiation, and survival of neurons during brain development (Bothwell 1995 , Lewin & Barde 1996 , as well as in adulthood (Con Over & Yancoupouolos 1997 , Lu & Figurov 1997 . BDNF has also been shown to play an important role in activity-dependent synaptic plasticity in the hippocampus (Kang & Schumann 1995 , Korte et al. 1995 , produce a lasting enhancement of synaptic efficacy in the dentate gyrus (Messaoudi et al.1998) , and enhance glutamatergic synaptic transmission in hippocampus cell cultures through a presynaptic mechanism (Li et al. 1998) . It is possible that these effects may, in turn, enhance specific learning and memory processes and help to reduce cognitive deficits connected with aging and neurodegenerative disorders (Howells et al. 2000 , Michalski & Fahnestock 2003 .
It is well established that neuronal activity regulates BDNF mRNA expression. Sensorial stimuli are able to influence BDNF mRNA levels, as demonstrated by experiments based on light stimulation, in both developing and adult rats (Castrèn et al. 1992) . Moreover, physical activity has been shown to increase BDNF mRNA in rat cerebral cortex and hippocampus (Neeper et al. 1991) . Thus, the hippocampal BDNF expression largely depends on the neuronal excitation/inhibition balance (Castrèn et al. 1992) , even if it appears to be also affected by corticosteroid hormones that seem to down-regulate it (Schaaf et al. 1998) .
In recent years, many experimental studies in rats and mice indicate an endogenous cyclical change in central BDNF and trkB expressions within 24 h (Bova et al. 1998 , Schaaf et al. 2000a , Dolci et al. 2003 , although the implication of these circadian oscillations still remains unclear.
The suprachiasmatic nucleus (SCN) of the hypothalamus contains an endogenous oscillator that is the primary biological clock in mammals (Hastings 1997) . Although the mechanisms underlying the endogenous clock rhythmicity are not yet fully characterized, recent findings suggest that BDNF may be involved in the light-regulated circadian pacemaker of the central nervous system (CNS; Liang et al. 2000) .
First evidence for the presence of BDNF in human circulation emerged a decade ago (Rosenfeld et al. 1995) .
Since then many studies investigated the various sites of BDNF production in humans, in both neuronal and non-neuronal cells (Donovan et al. 1995 , Yamamoto et al. 1996 , Gielen et al. 2003 . As there are no studies at present in the literature investigating a possible BDNF circadian rhythm in humans, we studied the BDNF levels throughout 24 h in healthy men, in order to detect the possible relative changes in plasma BDNF protein.
Additionally, we looked for a possible interplay between BDNF and cortisol, the circadian physiological rhythm of which is well recognized in human plasma, with a zenith in the morning and a large decrease during the day. For this purpose, we studied whether there are any similarities or divergences between plasma BDNF and cortisol physiological circadian behavior.
Materials and Methods

Subjects
Thirty-four young healthy male volunteers were recruited for this study. Their age was between 20 and 33 years (meanG S.D.Z25 . 6G3 . 2), with a body mass index (BMI) between 20 . 5 and 28 . 3 (meanGS.D.Z23 . 9G1 . 9).
Prior to enrollment, participating subjects gave their written informed consent. The study was approved by the Ethics Committee of the Faculty of Medicine of the University of Pisa. Each subject was asked to answer a questionnaire regarding age, weight, height, chronic diseases, current illness, regular medication, allergies, or a family history of endocrinological, psychiatric, or neurological diseases. Physical examination and routine laboratory tests were performed and they disclosed no abnormalities. None of the subjects was taking psychoactive medications, hormone therapies, or anti-inflammatory drugs, and no mood or behavior disturbances were referred at the time of enrollment.
Protocol
In order to investigate circadian BDNF variations, blood from each subject was collected every 4 h for a total of five samples in 24 h. At 0800 h, after overnight fasting, the first blood sample was drawn from the cubital vein of each subject into EDTAcoated tubes (Vacutest Kima s.r.l., Arzergrande, Italy). Subsequently, blood sampling was repeated at 1200, 1600, 2000, and 2400 h. The tubes were kept on ice and, after collection, blood samples were immediately centrifuged at 4 8C (2500 g for 15 min). Afterward, plasma was aliquoted and stored at K80 8C until assay. For each subject, sampling was repeated thrice in a month in order to analyze possible intra-individual variations in BDNF and cortisol circadian changes.
BDNF assay
Plasma levels of BDNF were determined with an ELISA method (BDNF Emax Immunoassay System, Promega, Madison, WI, USA), after appropriate dilution of samples (1:4) using block and Sample buffer, according to the manufacturer's instructions.
Briefly, 96-well flat-bottom immunoplates (Iwaki) were coated with anti-BDNF mAb and incubated at 4 8C overnight. After blocking by non-specific binding with block and sample buffer, standards and samples were added to the plates and incubated and shaken for 2 h at room temperature. Subsequently, after washing with TBST wash buffer, plates were incubated for 2 h with anti-human BDNF pAb. The last incubation required the addition of Anti-IgY-HRP conjugate. In the last step of the assay, TMB one solution was added in order to develop the colour. After stopping the reaction with HCl 1 M, the absorbance was read at 450 nm on a microplate reader and BDNF concentrations were determined automatically according to the BDNF standard curve (ranging from 7 . 8 to 500 pg/ml purified BDNF).
The entire procedure was performed using a semiautomated Basic Radim Immunoassay Operator (BRIORadim, Pomezia, Italy) equipped with a microplate reader of optical density. A computer system linked to the BRIO analyzed the final results and expressed them in pg/ml.
Cortisol assay
Plasma concentration of cortisol was determined by a specific commercially available RIA kit (Radim).
The sensitivity of the assay was 0 . 9 mg/l. The intra-and inter-assay coefficients of variation were 2 . 6 and 8 . 0%
respectively.
Parameters used and statistical analysis
Plasma BDNF levels were expressed in pg/ml, whereas cortisol was expressed as mg/l. All data are reported as meanGS.D. Statistical analysis was carried out using GraphPad Prism 4.0 (San Diego, CA, USA). A Friedman test was performed, followed by a post hoc analysis with Dunn test. Percentages of decrease at each time point with respect to basal value (1200, 1600, 2000, and 2400 vs 0800 h) were calculated for both BDNF and cortisol. Finally, the correlation index (Spearman correlation coefficient) between BDNF and cortisol trends was calculated, based on the total 34 subjects!three samples!five time points.
Results
Intra-individual variability in BDNF and cortisol measurements
We checked for possible intra-individual variations in BDNF and cortisol measurements by repeating blood samples thrice in a month for each subject (one blood sample every 10 days). The meanGS.D. of the three blood samples for each subject was calculated; subsequently, the means and standard deviations for each time point were computed, as reported in Tables 1 and 2 .
BDNF circadian variations
The highest BDNF level was found early in the morning (827 . 0G178 . 3), with a progressive decrease during the day (Fig. 1) . In particular, in the second blood sample, drawn at 1200 h, plasma BDNF levels were significantly lower when compared with BDNF morning circulating levels (P!0 . 001).
The BDNF levels further decreased during the day, so that values detected in the afternoon (1600 h) and the evening (2000 h) were significantly lower than those measured at 2400 h (P!0 . 001). The lowest concentration was achieved at midnight (214 . 4G44 . 3) (P!0 . 001 vs 0800 h, P!0 . 001 vs 1600 h, P!0 . 001 vs 2000 h).
Statistical results of the Friedman test and the difference in rank sum are reported in Table 3 .
Cortisol circadian variations
We detected the highest plasma cortisol levels early in the morning (226 . 5G53 . 1). Then, plasma cortisol showed a progressive decrease during the day, reaching a nadir at 1200 h (61 . 9G14 . 0; P!0 . 001 vs 0800 h; Fig. 1b) . In particular, 1600-h cortisol values were significantly lower than the morning values (P!0 . 001 vs 0800 h). Moreover, cortisol plasma concentrations measured at 2000 h were significantly lower than those detected at 1200 h (P!0 . 001) and, analogously, 2400 h cortisol levels were significantly lower than those measured at 1600 h (P!0 . 001).
Statistical results of the Friedman test and the difference in rank sum are reported in Table 4 .
BDNF/cortisol correlation
In order to strengthen the observation of a similarity in BDNF and cortisol decreasing trend, we calculated the percentage of decrease in both BDNF and cortisol with respect to the maximum value detected in the morning. The correspondence between BDNF and cortisol circadian decreasing trend was attested by the determination of the Spearman index (0 . 8466) that was calculated based on the total 34 subjects!three times a month!five tests per day. 
Discussion
The primary purpose of the present study was to investigate the presence of a possible circadian rhythm in BDNF circulating levels in humans.
In our previous study, we found that BDNF circulating levels are closely related to the sex hormonal status, pointing out the key role played by sex gonadal hormones in the modulation of expression and production of BDNF (Begliuomini et al. 2007) . However, it is reasonable to suppose that changes in the plasma BDNF levels are not only endocrine based, but also influenced by other factors, such as neurotransmitters, sensorial stimuli, and physical activity.
Even though no studies have been yet published about circadian oscillations of BDNF in humans, many pieces of experimental evidence in rats corroborate the hypothesis of a circadian BDNF rhythm. Light:darkness cycles could in some way influence BDNF expression by modulating the cerebral circadian pacemaker localized in the SCN of the hypothalamus. It has been shown that both BDNF mRNA and protein, as well as trkB receptor, present rhythmic variations in rat CNS (Bova et al. 1998 , Berchtold et al. 1999 . Bova et al. (1998) and Berchtold et al. (1999) analyzed the expression of BDNF mRNA in the rat hippocampus and frontal cortex and they both observed that the highest BDNF mRNA levels were reached during the dark hours (activity period), while the lowest BDNF levels were detected during the light hours (rest period).
The present results show that plasma BDNF in human males presents a characteristic trend during the day; in our study population, the highest BDNF concentrations were detected in the morning, followed by a substantial decrease throughout the day and the lowest values were observed at midnight. Evidently, this decline in BDNF during the day may be ascribed to a circadian secretory model. In fact, it has been shown that BDNF presents a very short half-life in plasma (t 1/2 Z0 . 92 min; Poduslo & Curran 1996) , and then it is conceivable that BDNF is secreted with a pulsatory circadian rhythm, featured by a progressive reduction in the amplitude of the pulses throughout the day.
Furthermore, our results point out that the daily trend of plasma BDNF is very similar to the trend of cortisol. Cortisol is the most important glucocorticoid in humans and, besides its well-known effects on metabolism, bone, and blood pressure, it has been recognized to play a key role in the homeostasis of the CNS. The pulsatile secretion of cortisol in humans has been well established; its pulses have frequencies in the range of 60-90 min. Regulation of cortisol secretion depends on the integrity of the hypothalamic-pituitaryadrenal axis. In physiological conditions, hypothalamic CRF stimulates the pituitary to produce adrenocorticotrophin (ACTH) that, in turn, has a stimulatory effect on cortisol production by the adrenal cortex. Cortisol exerts a negative feedback with a long-loop mechanism, so that high circulating cortisol levels are associated with low CRF levels and vice versa (Young et al. 2004) . Disruption in cortisol rhythm has been observed in many pathological conditions, such as major depression, sleep, and mood disorders, as well as in acute or chronic psychophysical stress conditions (Chrousos & Gold 1992 , Erickson et al. 2003 .
Since a down-regulation by corticosteroid hormones on BDNF mRNA and protein in the rat has been reported (Schaaf et al. 1998 (Schaaf et al. , 2000b , we verified whether there was a relationship in humans between cortisol and BDNF plasma levels in physiological conditions.
The present results underline a positive correlation between plasma BDNF and cortisol daily trend, thus suggesting a possible co-regulation of the expression of these two compounds. Additionally, the similarity in the circadian variations of BDNF and cortisol allows us to hypothesize that glucocorticoid and neurotrophic tone may have a synergic role in the homeostasis of cerebral functions.
In pre-clinical studies, it has been shown that endogenous or exogenous corticosterone, which represents the main glucocorticoid in the rat, suppresses central BDNF mRNA and peptide expressions (Schaaf et al. 1998 ). This might be related to the inhibition of BDNF synthesis mediated by the activation of mineralocorticoid and glucocorticoid receptors (Schaaf et al. 2000b) . On the other hand, the role of corticosterone in regulating the BDNF levels is still a subject of debate. In fact, it has been shown in the animal model that stress can decrease hippocampal BDNF, also in adrenalectomized rats, suggesting that corticosterone, ACTH, and CRF are not the only elements of stress response contributing to the observed decrease in the BDNF levels in rats (Smith et al. 1995) .
Our results, demonstrating a consensual diminishing trend of BDNF and cortisol plasma levels in a physiological 24-h cycle, seem to enter in conflict with studies on the rat hippocampus. Our data suggest a fairly consistent co-regulation of plasma BDNF and cortisol, mediated by an unknown mechanism, rather than a down-regulation of BDNF by corticosteroids. Figure 1 Scatter plot representing the decreasing trend of (a) plasma BDNF (pg/ml) and (b) cortisol (mg/l) throughout the day in healthy males. 
